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Abstract
Molecular electronics is the next stepping stone in the
minituarization of electronics. Nanogaps that can fit molecules
between two electrodes play an integral part in the development
of molecular electronics. In this thesis we attempted to
characterize nanogaps in graphene using a ultrahigh vacuum
scanning tunneling microscope. However, we encountered
problems with the STM device. To overcome this we had to
design a capacitive displacement sensor, which was the largest
part of this thesis. We also attempted to develop nanogaps in
graphene using atomic force microscopy. A first approach has
been done with an the ambient atomic force microscope JPK.
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Chapter1
Introduction
In this chapter we will have a brief look at the scientific context of research
in nanogap electrodes and the obstacles and problems that come along
with research on such a small scale. In the next chapter we have a look at
the research project itself.
1.1 Minituarization of electronics
The developments in microfabrication and field-effect transistor are key
enabling technologies for today’s information society. Superfast and ubiq-
uitous electronic devices, information technology, the internet and mobile
communication technologies are unimaginable without access to continu-
ously cheaper and smaller microprocessors. The enormous advancement
of the performance of microprocessors from the first computing machines
to today’s mobile devices is to a large extent realized via development of
new materials and fabrication methods leading to miniaturization of the
active components in electronics.
Figure 1.1: Minituarization of electronics since the 1900s
Version of August 29, 2016– Created August 29, 2016 - 22:19
7
8 Introduction
The vacuum tube was the first massively produced electronic device in
the first half of the twentieth century, mainly used in radio and telephone
networks. The invention of the semi conductor in the 1940s enabled us
to produce solid-state devices, which are much smaller, reliable and effi-
cient than the vacuum tubes. In the mid 1950s, solid-state devices such
as transistors gradually replaced the vacuum tubes. These days we can fit
billions of these transistors on a single integrated circuit chip.
However, the further minituarization of electronic devices remains very
difficult. Conventional methods like top-down lithography fabrication
reached the limit where reliable and reproducible fabrication of sub-20 nm
features is cumbersome and economically unfeasible [1]. It is remarkable
that molecules with sizes on the order of 1 nm, can be synthesized in molar
amounts and perform a variety of electronic tasks like current limiting, rec-
tification and switching just like their solid-state device counterparts, the
complementary metal-oxide semiconductor (CMOS) technology. Experi-
mental findings in electron transport through single molecules introduces
the idea that the next and ultimate limit of miniaturization of electronic
components is the realization of single molecule, even atom, electronics
[2].
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1.2 Molecular electronics
The realization of single-molecule electronic devices remains an enormous
challenge in several ways. First, the length of molecules used in the re-
search field is in the order of 1-2 nm. Fabrication of electrodes typically
made of noble metals, seperated by 1-2 nm is beyond the limits of classi-
cal top-down lithographic techniques [3]. Second, due to the tiny dimen-
sions of the molecule, it is typically impractical to place the molecule in the
nanogap by direct manipulation. Instead, chemical interaction between
the molecule and the electrode is needed for positioning of a molecule in
the gap between the electrodes. Third, since the electrodes are typically
much larger than the molecules, it is an additional challenge to make sure
that only a single molecule is placed in each functional device [4].
Despite the obstacles, several effective and creative methods of fabri-
cating nanogap electrodes with controlled spacing have been reported in
the last few years, including mechanical break junctions [5], electrochem-
ical plating [6], focused ion beam lithography [7], electron-beam lithog-
raphy [8], shadow mask evaporation [9], electromigration [10], scanning
probe and atomic force microscopy lithography [17], on-wire lithography
[12], molecular rulers [13] etc. All the above methods have shown promis-
ing results and have their own characteristics. Different methods can be
combined to obtain a desired configuration. We will be mostly focusing
on Scanning Probe Microscopy (SPM).
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1.2.1 Methods of research with Scanning Probe Microscopy
There are mainly two methods for wiring molecules between electrodes.
The first method is to make top-contact junctions is scanning probe mi-
croscopy, for example: scanning tunneling microscopy and atomic force
microscopy[17]-[19].
Figure 1.2: A molecule connected to two electrodes (the scanning probe tip and
sample)
These devices are very good for fundamental research, but are very
difficult to integrate macroscopic electronic circuit. You could imagine ev-
ery single molecule needing a STM or AFM device, this is very imprac-
tical. Also the properties of conductivity of these system depend on the
coupling of the molecule to the electrodes, so knowing the tip shape on
molecular level is important. The problem that arises here is that we do
now know the tip shape on molecular level so research in the conductivity
of these systems is quite difficult.
10
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1.2 Molecular electronics 11
The second method to make top-contact junctions is to use nanogap
electrodes.
Figure 1.3: A graphene sheet with nanogaps that are bridged by a conducting
connector (could be a molecule)[20]
Compared to the scanning probe microscopy method, nanogap elec-
trodes are fabricated before they any connection to a molecule, the junc-
tion can then be characterized with and without molecules in the junction
which helps to determine the distinction of the intrinsic molecule proper-
ties. Also, since the nanogap electrode is in a planar configuration, it is
easier to implement it in macroscopic electronic circuits, the underlying
substrate can function as a gate contact to tune the electrical properties of
the molecular components.[3]
These superior characteristics of nanogap electrodes show a promising
future and in this thesis we will be focusing on the characterization of
these nanogaps in graphene with ultrahigh vacuum scanning tunneling
microscopy and possible ways of creating these gaps with atomic force
microscopy.
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Chapter2
The Research Project
In this chapter we will have a look at the initial goals and objectives of the
research project and delve into its details.
2.1 Research question
The main goal of this research was to develop a graphene tunneling junc-
tion where single molecules can be used to bridge the nanogap.
Figure 2.1: Graphene break junction with single molecule (represented by dumb-
ell) bridge [14].
Here, graphene nanostructures are used as contacts and interconnects
instead of metal wires.
At TNO Nanolab NL in delft using helium ion beam lithography[15],
nanogaps have been cut in graphene samples. The cuts are of different
sizes and have been made using different doses of intensity of the helium
ion beam. Using STM we want to image these cuts with atomic resolution.
Version of August 29, 2016– Created August 29, 2016 - 22:19
13
14 The Research Project
We would want to learn what the characteristics of these cuts are depend-
ing on the different doses of intensity of the helium ion beam. Some char-
acterstics for example: the size, straightness of the edges, consistensy of
the cuts etc.
Graphene has a known quality of self healing due to thermal annealing.
We would also like to characterize the self healing of the graphene samples
with cuts depending on the temperature of the thermal annealing process.
Knowing these characterstics will help us learn if we could use molecules
as bridges over these cuts and if so, what some of the constraints of these
molecules are depending on the characteristics of these cuts.
14
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2.2 Problems concerning the STM
To do the imaging we want to use a the JEOL JSPM 4500-A Scanning tun-
neling Microscope. This STM offers us the possibility to get atomic reso-
lution images of our samples. However there are a few problems that we
first need to overcome.
2.2.1 The sample
Our sample consists of a silicon oxide substrate and a small part of the
substrate is boron nitride. A small patch of graphene has been deposited
over these substrated and then golden electrodes are connected on top of
the graphene.
Figure 2.2: Optial microscope image of the sample, the white rectangular parts are
the golden electrodes. Between the electrodes there is a graphene patch, partially
over a boron nitride substrate
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If we zoom in a bit we can see the orientation of the graphene and
boron nitride better.
Figure 2.3: Optial microscope image of the sample, the white rectangular parts are
the golden electrodes. Between the electrodes there is a graphene patch, partially
over a boron nitride substrate
Now on this graphene patch, over the silicon substrate and boron ni-
tride substrate cuts have been made with helium ion microscopy (HIM). If
we want to use STM, which works with current feedback, to make images
of this sample we need to be able to land on the conducting parts of the
sample (the graphene or golden electrodes). Because when the tip of the
STM is over the substrate, which is silicon or boron nitride i.e. an insu-
lator, or on somewhere else on the non conducting part of the substrate,
the tunneling current will drop and the STM tip will crash into the sam-
ple. So the first problem we have is to land on the graphene sample with
STM. Luckily a previous student (Kim Akius) in our group worked on this
problem and was able to solve it, which we will not go into since it is not
pertinent to our research.
16
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After we are able to land on the graphene with the STM we still face
the problem of crashing into the sample when the STM tip is over one of
the cuts in the graphene. To solve this, AFM images of the sample have
been made to locate these cuts with regards to some reference point (the
part where the golden electrode meets the graphene sample).
Figure 2.4: AFM height, and lock in phase image of the graphene sample made
with the JPK. The cuts are slightly visible and a small part of the golden electrode
which is circled blue is used as the reference point
Figure 2.5: Zoomed in on the blue circled reference point, here the golden elec-
trode meets the graphene over boron nitride
In figure 2.5 we can see the golden electrode meeting the graphene over
boron nitride. We use this as our reference point. With the JPK, which is
a AFM and STM, does not have the problem of landing on the sample
(which the JEOL STM does have, but Kim Akius solved that problem for
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us). The JPK uses an optical microscope that enables us to see where the
tip is with regards to the sample so we can simple navigate the tip on the
conducting parts of the sample.
Figure 2.6: JPK optical microscope which enables us to see the tip and sample
18
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We then made a small STM image of the general area of the gold elec-
trode to find our reference point mentioned earler (figure 2.5)
Figure 2.7: STM image of the golden electrode which we can crossreference to
our AFM image
Because we have a clear image with the AFM of our sample we can
then try to find our STM image in our AFM image so we can locate exactly
where the STM tip is with regards to our reference point (the AFM image).
This way we can by looking at the AFM image, which functions as a map
of our sample, we can navigate our STM tip through the sample by using
the coarse motion of the JPK. This method to find the cuts we want to im-
plement into the JEOL STM because the with the JEOL STM we can get
atomic resolution. The JEOL STM does not have an optical microscope to
land the STM tip on the sample, but this was solved by a previous student
in another way. The JEOL STM does have a coarse motion like the JPK to
navigate our tip through the sample, however the motor that drives the
coarse motion is very inconsistent. In the JEOL STM the sample holder
actual moves the sample with regards to the tip. The actual movement of
the sample holder does not correspond to the movement we input with
the controller because of the inconsistency of the coarse motor. So it be-
comes very difficult for us to navigate through the sample with the above
described method.
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2.2.2 Summary of the problem
So we started with the research goal of characterizing nanogaps in graphene
with the JEOL STM. The problem we faced was landing on the sample,
which is solved by a previous student, and the inconsistent movement of
the sample holder of the JEOL STM which makes it almost impossible to
navigate through our sample with the coarse motion. To solve this in-
consistency, we decided to develop a capacitive displacement sensor that
keeps track of the actual movement of the sample holder. The develop-
ment of the capacitive displaement sensor is where I spent most of my
time on and we will be reviewing it next.
20
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Chapter3
Capacitive displacement sensor
Now that we have an understanding of the research and the problem that
was presented, we will have a look at how a displacement sensor will
enable us to have a coarse motion on the JEOL STM.
3.1 The sample holder
The sample holder is on the JEOL STM head and a motor controls the
sample holder.
Figure 3.1: Top angled view of the JEOL STM head
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Figure 3.2: Top view of the top part of the JEOL STM head
We made videos of the full range of motion of the backside of the sam-
ple holder to get an understanding of the movement of the sample holder.
Figure 3.3: Side view of the backside of the sample holder
The sample holder has two directions of movement an X and Y direc-
tion. However these are not cartesian. By using the video analysis and
modeling tool Tracker[22] we tried to map the movement a bit more in
detail. I will not go too much into the details of this movement. Suffice it
to say that we have enough understanding of the movement to try to use
a capacitive sensor for this sample holder.
22
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3.2 Theory
The idea behind the capacitive displacement sensor is to use two con-
ducting plates placed parallel to the direction of movement of the sam-
ple holder. Imagine the X and Y movement of the sample holder being
cartesian.
Figure 3.4: Sample holder with two capacitors attached parallel to the X and Y
directions of the coarse motion of the sample holder.
When the sample holder moves in the X or Y directions we see that
the distance between the two capacitance plates of the capacitors changes,
therefore the capacitance value of the capacitors will change. Using a par-
allel plate approximation for the capacitance value: C =
e0A
d− ∆x with C
the capacitance, e0 the permitivity of vacuum, d the distance between the
plates and ∆x the change in distance between the place (the displacement
of the sample holder). If we keep track of capacitance, we can keep track
of the actual displacement of the sample holder, simply by measuring the
capacitance.
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3.3 Measuring the capacitance
To measure the capacitance we need to have some kind of circuit imple-
mented. To determine if the idea of a capacitive displacement sensor is
feasible we decided to run simulations of circuits to figure out if there will
pop up any problems. For these simulations we used the SPICE (Simu-
lation Program with Integrated Circuit Emphasis) software LTspice from
Linear Technology. SPICE is an open source analog electronic circuit simu-
lator that works as the engine behind many software simulation packages
used for creating analog electronic circuits [23].
So what we wanted to be able to do was keep track of the displacement
of the sample holder so that we can navigate through our sample. We
want to be able to measure a displacement of minimally 1 µm. Also, based
on the size of the plates we can add to the sample holder, the nominal
capacitance value will be just under 1 pF
(
using C =
e0A
d
)
.
3.3.1 A first approach
The first approach when measuring a capacitance is very straightforward,
just put a current through a capacitor and measure the voltage or put a
voltage over the capacitor and measure the resulting current.
Figure 3.5: A simple circuit to measure the capacitance by putting a voltage V1
over the capacitor C1
24
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If we look at the Transfer function of this circuit: V =
I
iωC
with V
the voltage, I the current, 1iωC the impedance of the capacitor, ω being the
driving frequency of the voltage and C is the capacitance.
3.3.2 The capacitance problem
As a result of the change in displacement of the sample holder the ca-
pactiance C will change and so the voltage V. However this change in
voltage might become difficult to resolve with our devices if the change
in our signal, the voltage, is too small. So like we mentioned before, the
change in distance we want to be able to measure is atleast ∆x = 1µ m.
Using the nominal value of 1 pF of the capacitor, C0 =
e0A
d0
= 1pF, the
new capacitance value will be C =
e0A
d0 + ∆x
and the change of capacitance
will be:
∆C
C0
=
C0 − C
C0
= 1− C
C0
≈ 1− 1 = 0
Since the change in distance of 1µm is very small compared to the nom-
inal value of the capacitance, there will be a big discrepancy between the
change of capacitance and the nominal value of the capacitance. To be a
bit more precise we calculated that
∆C
C
≈ 0.003. This will result in a large
discrepancy between the nominal value of our signal and the change in
our signal. Which will most likely fall into the noise regime of our mea-
surement device.
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3.3.3 Other basic RLC-circuits
You might think that the next try would be to use other type of RLC cir-
cuits that could help get rid of this discrepancy between the signal and
change in signal. The easiest next approach would be to add a resistor to
the circuit to create a filter and maybe use the phase change of the signal
to get our change in capacitance.
Figure 3.6: RC-circuit, also a low pass filter
This is a basic low pass filter with transfer function H and phase φ:
H =
1
1 + iωC
φ = arctan(ωRC)
Because we still have the problem of discrepancy between the change
in capacitance and nominal value of the capacitance (∆CC0 ≈ 0), we see from
these formulas that this will result in the same problem for the transfer
function and phase angle i.e. : ∆HH ≈ 0. Since most other RLC circuits are
basically higher order filters of the basic filters, the problem of ∆CC0 ≈ 0 →
∆H
H ≈ 0 will persist.
26
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3.3.4 Towards a solution
To solve this problem we can try to minimize the discrepancy between
the change of capacitance and nominal value of the capacitance. An other
solution would also be to use a measurement device that has the resolution
to measure this very small change. We designed a circuit that should be
able to measure these very small changes in capacitance.
Figure 3.7: Circuit that compensates for the nominal value of the capacitor
C sample
In this circuit we try to remove the nominal value of the capacitor by
adding a second capacitor with the same nominal value as our sample
capacitor in a summing amplifier. We drive our compensating capacitor
with a sine signal that is 180◦ shifted by the inverter. We drive our sample
capacitor with the unshifted signal, when these two signals then add in the
summing amplifier it will result to zero. Let Ic be the current through the
compensating capacitor and Is be the current through the sample capacitor
then these two currents will be added in the summing amplifier, let the
signal be Vin = V0 sin(ωt) and using V = IiωC :
Ic + Is = V0iωC sin(ωt) +V0iωC sin(ωt+ pi)
= V0iωC sin(ωt)−V0iωC sin(ωt) = 0
However if we now introduce a change in our sample capacitor, so the
capacitance of our sample is CS = C+∆C and our compensating capacitor
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has only the nominal value C we get:
Ic + Is = V0iωC sin(ωt) +V0iωCS sin(ωt+ pi)
= V0iωC sin(ωt)−V0iω(C+ ∆C) sin(ωt)
= V0iωC sin(ωt)−V0iωC sin(ωt)−V0iω∆C sin(ωt)
= −V0iω∆C sin(ωt)
The added current will be dependant on only the change in capacitance
∆C. The resulting output signal of this circuit, using the impedance of the
charge amplifier in figure 3.7 is:
Vout = −(Ic + Is) 11/R f + iωC f
= V0iω∆C sin(ωt)
1
1/R f + iωC f
=
V0 sin(ωt)
1
iωR f∆C
+
C f
∆C
With C f and R f being the feedback capacitor and resistor of the charge
amplifier. If we choose these reference capacitor and resistor such that
1
iωR f∆C
<<
C f
∆C we find that our output signal will be quite simplified:
Vout = V0 sin(ωt)
∆C
C f
= Vin
∆C
C f
(3.1)
As shown in the equation the output signal has a linear relationship with
the change in capacitance.
28
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3.3.5 Device with high resolution
In the later stages of the project we came across a commercially available
device that can measure capacitance with very high resultion, down to
30aF.
Figure 3.8: The AD7746 capacitance to digital converter
This is the AD7746, it’s a high resolution capacitance to digital con-
verter. The two plates of the capacitors are directly connected to the device
inputs. We were able to run some test on two conducting plates to see if
this device is viable. This device measured the capacitance with some rate
the user can define and will give the value of the capacitance realtime.
Figure 3.9: Capacitance being measured realtime
We can see that it gives a value of around 0.875600pF. The change in
capacitance for this capacitor based on the change in distance of 1µm be-
tween the two plates will be in the 0.0002 pF. But we see that the fluctu-
ations of the device are much higher than this (∼0.001 pF) so it does not
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resolve the small change. However if we measure the capacitance a lot of
times and average these we can obtain a higher resolution.
Figure 3.10: Gaussian curve of 1000 data points of the capcitance
Now it gives us an average of 0.875808 pF with a noise of 0.00000065 pF
(65 aF). With a manual microcontroller we were able to change the distance
between the two plates with 1µm and found good results:
Figure 3.11: Varying the distance between two plates of the capacitor with 1µm
This is a very good result and is exactly what we wanted, however this
device isn’t particulary usefull for our experiment because it takes quite
some time to do these measurements. We want to be able to navigate
quickly through our sample at some point, if after every displacement of
the sample holder we need to measure the capacitance, experiments will
become unfeasible. We can ofcourse increase the sampling rate, but this
will increase the noise.
The design that we created in paragraph 3.3.4, gives us a capacitance
value realtime, so it does not have this problem of time consumption.
30
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Developing nanogaps with AFM
As a side project I tried to get nanogaps in graphene by using AFM. The
current sample we were using had nanogaps created by HIM which was
done in Delft and Germany, this is a time consuming and costly process.
If we are able to do it ourselves with AFM it will much more efficient.
4.1 AFM lithography
Manipulating the geometry of graphene sheets is important for applica-
tions as well as for fundamental research. Through research a high de-
gree of manipulation of graphene has been achieved with atomic force
microscopy. Techniques have been developed to cut graphene into vari-
ous nanostructures such as ribbons, dots and anti-dot lattices, this enalbes
the opening of the electronic band gap which is important for applications
in nanoelectronics.[24] There is a lot of literature availabe on the lithogra-
phy of graphene with AFM, but sofar the research did not concern itself
too much on creating cuts of 1-2 nm since for these structures such a small
scale is not needed.
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4.2 Atomic force microscopy
Atomic force microscopy uses a cantilever with a sharp tip which is brought
very close to a surface. A laser is constantly pointed towards the reflective
beam and is reflected towards a photodiode.
Figure 4.1: Atomic force microscopy concept [25]
As the cantilever is displaced via its interaction with the surface, so too
will the reflection of the laser beam be displaced on the surface of the pho-
todiode. From this information, among others, an image can be formed.
The AFM tip has a certain shape and size.
Figure 4.2: SEM image of a AFM cantilever [26]
It also has a tip radius which can vary anywhere between 1 nm up to
100 nm.
32
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Figure 4.3: Sem image of the tip of a AFM cantilever [25]
4.3 Hypothesis
With contact AFM you can determine how close the tip gets to the surface
by varying the setpoint. Increasing the setpoint will bring the tip closer
towards the surface. The hypothesis is then quite simple, if we position
the tip barely towards the graphene such that it only make cuts with top
part of the tip, so the smallest radius of the tip, then the cut will be the
width of this radius.
Ofcourse this is not the whole picture, when such small objects come
close to eachother attractive van der Waals forces will influence them, so
that we cannot position the tip at such a critical point with reference to the
graphene. But the idea is clear and quite straightforward to test.
4.4 Method
We will be using the AFM JPK for this experiment and a tip with a spring
constant of 2 N/m and a radius of 7 nm. First we will make a scan of a
graphene patch so we have a clear view of the sample. Then we will try to
scan in one line somewhere on the graphene with a high setpoint,so that it
will definitely cut the graphene. In small steps we will then decrease the
setpoint so that the tip slowly move away from the surface until we see it
does not make a cut in the graphene anymore. Between each step we will
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make a scan of the area to make see the tip made a cut or not.
4.5 Results
One thing that we also hoped to see is that when we are moving the tip
away from the surface, the sizes of the cuts would become smaller, until
there would be no cut. However what we saw is that no matter what
setpoint there would be the same size cut, until the setpoint was so low
that there would be no cut at all, instead of a gradual decrease in cut size.
Figure 4.4: (left) Height image of graphene with several cuts, (middle) phase
image of the sample, (right) height profile of cut
All the cuts were the same size, with a width of about 20 nm. Even
though the tip radius is 7 nm. This independence in setpoint indicates
heavily that there are indeed some attractive forces that are present that
attract the tip towards the surface one it passed a certain point.
Another important property that will influence the interaction between
the tip and the surface, is the spring constant. The idea is that a higher
spring constant, a stiffer tip, will probably damage the graphene more
severely. So we did the same experiment with a tip with tip radius 7
nm, but with a spring constant higher than the previous one (which was 2
N/m), 24 N/m.
34
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Figure 4.5: (top) 1 µm by 3.5 µm height image of graphene with cuts, (bottom)
phase image
With this stiffer tip we had the same results; the widths of the cuts were
all the same no matter the setpoint, until at some point there would be no
cut at all, instead of a gradual decrease in size of the cut. We see that the
widths of the cuts were indeed larger, about 60 nm compared to the 20 nm
with the softer tip.
The independancy of the setpoint of the widths of the cuts, indicate that
there is indeed a strong attractive force between the surface (whatever is
on the surface) and the tip. It might be better to try this in a ultra high
vacuum environment and using a sample that is more clean, so that we do
not have these attractive forces from the particles on the surface.
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Chapter5
Conclusions and Further Work
We set out this research project with the goal to characterize nanogaps in
graphene with a ultra high vacuum STM. To do this the JEOL STM needs
X, Y coarse motion. A capacitive displacement sensor has been designed,
but still needs to be tested experimentally. I was not able to come to this
part because a circuit like that still needs a lot of parts with regards to
the connections of the components (e.g. opamp power supply needs to
be isolated, filters to reduce EMF interference, it needs to be stable on a
breadboard) for this part we asked the ELD for help. Ofcourse the next
step is to test the actual circuit.
We briefly touched the subject of the capacitive sensor in chapter 3,
showing a simplified version of the movement of the sample holder mov-
ing in a cartesian plane. While the actual two plates will probably have
some kind of curvature, the design of the actual plates is still not optimal
and different type of designs can be thought of.
A commercially available device is available and has been tested, how-
ever, it requires averaging to get a good enough resolution, which is too
time consuming for our goal.
Our sample with cuts in graphene was made with helium ion microscopy
which is time consuming and costly (because we dont have our own HIM,
it needs to be done in Delft or Germany). So we attempted to try and cre-
ate nanogaps with atomic force microscopy lithography. We noticed that
in ambient environment the attractive forces between the tip and surface
are too large, resulting in a small degree of manipulation of the width of
the cuts. Since we were able to get 20 nm width cuts with a soft tip, it
is suggested to try it with even softer tips, and in a high vacuum AFM,
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which does seem promising.
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